PACS. 73.50Jt -Galvanomagnetic and other magnetotransport effects (including thermomagnetic effects). PACS. 71.35−y -Excitons and related phenomena. PACS. 76.60−k -Nuclear magnetic resonance and relaxation.
The analysis of transport and relaxation phenomena in 2D electron systems (2DES) under strong magnetic fields near odd filling factors depends crucially on a clear physical understanding of the complicated electron spin-flip processes occuring within a Landau level, which are strongly modified by the electron correlations. The underlying elementary spin excitations are spin-excitons [1] , [2] , that are electron-hole pairs of opposite spins, having, due to the electron-electron interactions, a nonzero kinetic energy and strong k-dispersion.
Spin-excitons constitute the building blocks, from which more complex spin textures can be formed. For example, at finite densities the spin-excitons "condense" [3] into skyrmionantiskyrmion pairs. These unusual topological excitations [4] , [5] in the spin distribution of real 2D electron gas were observed, in NMR experiments, near the filling factor ν = 1 [6] . Further evidences for skyrmions in 2DES were found in transport and optical experiments [7] , [8] At ν = 1 a macroscopically finite density of spin-excitons may appear when external potentials, like long-range impurities or the sample edge, diminish the Zeeman splitting. A detailed study of the spin-exciton energy spectrum in 2DES influenced by external potentials is, therefore, of crucial importance for understanding the physics of skyrmions in such systems and for analyzing the corresponding experimental results.
In a recent paper [9] the general problem of a single spin-exciton in a 2DEG at filling factor ν = 1, subject to an external electrostatic potential, was exactly solved in the limit when the cyclotron energy,hω c , is much larger than the effective Coulomb energy ε c ≡ (e 2 /κl B ) (π/2) (κ is the dielectric constant of the 2DEG). A special case of a 1D periodic potential with period in the submicrometre range [10] was studied numerically there.
In the present letter we reconsider the problem of spin-excitons at filling factor ν = 1 in the presence of a 1D periodic potential, focusing on spectral regions just below the continuum edge, where our numerical calculation, reported in [9] , indicates the existence of discrete, or nearly discrete dispersion lines.
Here we find, using a new analytical approach, that the corresponding low-lying excitations are electron-hole pairs, nearly localized in neighboring potential well and potential barrier along the modulation direction, while oscillating with respect to each other in the perpendicular direction. The corresponding 1D harmonic oscillator-like spectrum in the low-energy regime crossovers into a 1D Rydberg-like spectrum near the continuum edge. These low-lying excitations may significantly influence the spin and the charge transport in the thermally activated regime [11] .
We shall express from now on all spatial variables in units of the magnetic length l B and all energies in units of the Coulomb energy ε c .
The general formalism developed in ref. [9] has shown that in the presence of an external electrostatic potential, U (r), the spin-exciton dispersion law can be obtained from a rather simple set of eigenvalue equations:
where n ≡ 
where I 0 is a modified Bessel function, ε sp ≡ gµ B B, and g is the effective bare g-factor.
A magnetoexciton with an electron-hole relative displacement (∆x, ∆y) will move, due to the effect of the Coulomb attraction between the electron and the hole in a strong perpendicular magnetic field, with momentum, (k x , k y ), proportional to the relative e-h coordinates rotated by 90
• , that is (k x , k y ) ∝ (∆y, ∆x). A 1D periodic potential, say along the x-axis, will therefore affect the transverse momentum (i.e. k y ) dispersion of the exciton by influencing the longitudinal relative e-h coordinate (i.e. ∆x). For example, specifying the modulation potential:
eq.
(1) reduces to
withf (x) ≡ f (k x , k y )e ikxx dk x and where Equation (4) has the well-known Bloch-like solutionf α (x, k y ) = e iαx u α (x, k y ), where u α (x, k y ) is a periodic function of x. If the period, a, of the modulation field is shorter than, or of the order of the magnetic length, l B , then K 0 = 2πl B /a ≥ 2π, and the effective coupling, |b|, of the exciton to the external modulation field is much (i.e. ∼ e −π 2 ) smaller than V 0 . Thus, only long-wavelengths modulation fields of the type mentioned above can affect significantly the exciton spectrum.
The complete spectrum of the single-spin-exciton can be obtained by computing the whole set of eigenvalues of the "Hamiltonian"
as functions of k y and the Bloch's wave number α in the first Brillouin zone K 0 /2 > α ≥ −K 0 /2. The α-dependence for a given k y exhibits a one-dimensional band structure. Examination of the dependence of the exciton energy on k y is particularly illuminating (see fig. 1 (a) ): It reveals a broad band of dispersion lines, bound from above as well as from below, by oscillating dispersion curves (for a full picture, see ref. [9] ). The bottom curve displays a set of local minima in the close vicinities of k y = (2ν + 1)π/K 0 , ν = 0, 1, 2, . . ., which correspond to configurations where the electron is sitting at minima of the periodic potential and the hole is at neighboring maxima. The first minimum (i.e. that with ν = 0) is the lowest one, since the Coulomb attraction in this configuration is the largest.
Let us focus now on states, appearing just below the bottom of the continuous band of dispersion lines, in close vicinity of this particular minimum (see fig. 1 (a) ): As noted above, the corresponding e-h distance, a/2, is assumed to be much larger than the magnetic length l B . The corresponding value of k 2 y is therefore much larger than unity and as a result the corresponding energies depend very weakly on the Bloch wave number α (i.e. the corresponding energy bands are extremely narrow).
The physical origin of this nearly discrete spectrum can be understood in the following simplified model. Suppose some local magnetic perturbation, e.g., an excited nuclear spin, coupled to the electronic spins via the hyperfine interaction [12] , creates an electron-hole pair at some point in the 2DEG. The electrostatic field exerted by the modulation potential, will then act to separate the electron from the hole, driving the electron to its nearest local minimum, and the hole to its nearest maximum.
Let us assume, first, that the point where the e-h pair excitation is created is in the middle between two adjacent extrema of the modulation potential and in the final configuration both the electron and the hole are trapped in their neighboring potential wells at a relative distance a/2 along the x-axis. This will imply antiparallel and equal in magnitude initial electron and hole velocities along the (longitudinal) x-axis: v e x = −v h x . External magnetic field will then act to drive the electron and hole in the same direction along the (transverse) y-axis: v e y = v h y . In this way their relative longitudinal motion, caused by the external modulation potential, transforms into an unbound transverse motion of the exciton, described by the quantum number k y = a/2, If, however, the point where the e-h pair excitation is created is not exactly in the middle between two adjacent extrema of the modulation potential, their longitudinal velocities will be different in magnitude, and they will be separated along the y-axis. This combined action of the external electrostatic potential and of the external magnetic field, together with the e-h Coulomb attraction, which provides a restoring force for an oscillatory motion, results in the discrete energy spectrum.
In what follows we shall study these states by using a new analytical approach. It is first of all clear that the set of extended Bloch-like solutions of eq. (4), discussed above, is not a useful representation for these low-lying extremely localized states. Thus, expanding the cosine in eq. (3) about its minimum K 0 x = π, to second order, we obtain, after Fourier transforming from x-representation to k x representation:
We may now take advantage of the large values of k 2 y and consider the asymptotic limit
Denotingk x,y ≡ k x,y /K 0 2|b|, and using the asymptotic form above, eq. (5) reduces to 
where γ ≡ (πK 2 0 |b|) −1/2 . This equation has the form of a 1D Schrodinger's equation for a particle in an attractive 2D Coulomb-like potential. It is remarkable that the duality in the appearance of k x , k y as components of the exciton momentum and, at the same time, as relative electron-hole coordinates, is reflected in the two opposite limits of the free-exciton energy ε(k 2 x + k 2 y ), which looks like an exciton kinetic energy in the small wavenumbers limit, and like an electron-hole potential energy in the asymptotic limit.
The Coulomb-like form of this potential indicates the existence of quasi-bound, Rydberg-like states just below the continuum threshold. To evaluate the corresponding energy levels, let us consider eq. (6) for energies very close to the threshold, i.e. for |ε 0 | δ 0 ≡ γ/|k y |, where
The
The classical turning points for energies below the continuum threshold, i.e. for ε 0 ≤ 0, correspond to k2 x,0 +k 2 y = γ/|ε 0 |, which yields |k x,0 | ≈ γ/|ε 0 | |k y | for |ε 0 | δ 0 .
In this energy range it is possible to select a value k x for which k x,0 k x k y . Since γ/k x γ/k x,0 = |ε 0 |, we may split the range of integration into two regions where two different approximations for the integrand are valid, i.e.
The resulting expression for the action integral near the classical turning point is
where
. The corresponding Bohr-Sommerfeld quantization condition 4σ(k x,0 ) = 2π(n + 1/2) yields
where C = 2/π|b|K 2 0 , and D = (c2 1/4 /π 5/4 )|k y /b| 1/2 /K 0 , which has, indeed, the form of a Rydberg-like spectrum for large quantum numbers n, i.e. for n D (see fig. 1 (b) ). These dense energy levels correspond to oscillations of the relative electron-hole coordinate along the y-axis (i.e. perpendicular to the modulation direction) with very long amplitudes, that is 
The crossover from this regime to the Rydberg regime occurs at n ≈ D, which is near n = 10 in the cited experimental situation [10] . Numerically we find that eq. (10) is a very good approximation already for n = 3 (see fig. 1 (b) ).
The extreme semiclassical nature of the spectrum, as shown above, indicates that our qualitative picture, presented in the introduction is meaningful. The amplitude of the e-h oscillations becomes infinitely large as their energy approach the continuum edge, where the density of levels diverges. From the continuum side of the edge the divergence is characteristically of the 1D van-Hove singularity (see ref. [9] ). It can be readily shown that from the discrete side of the edge the singularity is the same.
Such dense, very narrow resonance states within the big charge transport gap, which are associated with extremely long (and very anharmonic) oscillations of the electron-hole relative coordinate perpendicular to the modulation axis, can provide a very efficient mechanism for charge separation in the 2DEG. Therefore, they should play a significant role in appropriately designed ac-transport experiments in the thermally activated regime [11] .
Various NMR techniques, developed for heterojunctions [13] , [14] and multiquantum wells [15] , which were recently applied successfully [6] in a search for topological defects (skyrmions) in such real 2DES, may also be used here, due to their great sensitivity to the electronic g-factor [16] , [17] . ***
